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Abstract

Non-crop habitats, depending on their composition, can enhance the abundance and diversity of natural enemies of crop
pests, but also at the same time provide resources to pests, thereby reducing the effect on pest incidence and resulting yield
losses. The objective of the present study was to test (1) the effect of semi-natural habitats in the landscape on crop colonization
by pests and natural regulation, and (2) the relationship between natural regulation and pest incidence. The pearl millet head
miner (MHM) was selected as a case study because it is a key pest of millet cultivated in traditional pesticide-free tree-crop
agroforestry systems in which its control mostly relies on the action of natural enemies.

A set of 24 millet fields were selected in a 20£20 km area in Senegal, from the analysis of high-resolution satellite images
(Pl�eiades), and hypotheses on the relative abundance of semi-natural habitats (here trees and rangelands) in the agricultural
landscape. Millet fields were monitored for pest infestation of panicles and pest natural regulation. We used partial least squares
structural equation modelling (PLS-PM) to evaluate the relationships between the abundance and diversity of semi-natural hab-
itats at the landscape scale, crop colonization, natural pest regulation, and pest incidence.

Panicle colonization by the MHM was generally high (14�92%) and increased with the abundance of trees and to a lesser
extent with the rangeland area at a 1000 m-radius around millet fields. However, regulation provided by natural enemies was
amplified by the abundance of trees at a local scale (250 m-radius around millet fields). This was particularly true at early crop
colonization of the MHM with parasitism and direct predation on eggs and young larvae. This multi-scale effect of semi-natural
habitats on crop colonization and natural regulation could explain why no clear relationship between crop colonization and pest
incidence, nor natural regulation and pest incidence, was observed. Future studies on the identification of complex species-spe-
cific interactions between trees and natural enemies should provide a better understanding of the ecological processes underly-
ing the performance of natural regulation of MHM populations.
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Introduction

Environmental disruptions due to climate change and
increasing human pressure on natural resources dramatically
threaten biodiversity and benefits provided to human societies
(Cardinale et al., 2012; Pecl et al., 2017). This is particularly
true in the tropical semi-arid areas where the human popula-
tion has doubled over the last 30 years, with an increasing
demand for food, fiber, and energy (Laurance et al., 2014). In
response to stagnating crop yields in smallholder agriculture,
increasing expansion of agricultural land through deforesta-
tion combined with the reduction of fallow in space and time
at the expense of natural and semi�natural habitats has led to
extensive simplification of agricultural landscapes within a
few decades. These radical changes are negatively impacting
biodiversity (Tscharntke et al., 2005) and thereby ecosystem
services that directly benefit agricultural production and food
security challenges such as natural pest control (Abate et al.,
2000;Grab et al., 2018; Rusch et al., 2016).

Generally, natural pest control increases with landscape
complexity (Bianchi et al., 2006; Haan et al., 2020). In par-
ticular, semi-natural habitats provide important life support
functions to a range of natural enemies (Chaplin-Kramer et
al., 2011; Kebede et al., 2018; Rusch et al., 2013; Soti et al.,
2019; Veres et al., 2013). However, a recent meta-analysis
by Karp et al. (2018) noted that the effect of non-crop habi-
tats on pests and biological control by natural enemies does
not show a consistent trend. Different scenarios of when and
why natural habitats may fail to support the biological con-
trol of pests have been proposed by Tscharntke et al. (2016):
lack of effective natural enemies, habitat as a greater source
of pests than natural enemies, crops providing more resour-
ces for natural enemies than does natural habitat, availability
or accessibility of resources to provide large enough natural
enemy populations, or agricultural practices counteracting
enemy establishment and biocontrol. The relative impor-
tance of natural habitats for biocontrol can vary dramatically
depending on the type of crop, pest, natural enemies, farm-
ing systems, and landscape structure (Tamburini et al.,
2020). For this reason, conservation or restoration of semi-
natural vegetation to improve biological control should rely
on a system-wide approach considering the life system of
target crop pests and their natural enemies at the landscape
scale (Br�evault & Clouvel, 2019; Duarte et al., 2018; Gurr et
al., 2017).

In the "Peanut basin" of Senegal (West Africa), agricul-
tural landscapes are characterized by traditional agroforestry
parklands in which trees are distributed in and around culti-
vated areas (Leroux et al., 2022; Soti et al., 2019). Trees
have generally been conserved by farmers because they offer
multiple services to rural communities such as wood, feed
for cattle, soil fertilization through nitrogen fixation, and car-
bon sequestration (Bayala et al., 2012). In addition, Leroux
et al. (2022) showed that tree abundance and tree species
richness were positively associated with the grain yield of
pearl millet, as an essential staple crop in these agricultural
landscapes. However, a key insect pest, the pearl millet head
miner (MHM) (Heliocheilus albipunctella de Joannis) (Lep-
idoptera, Noctuidae) is a permanent threat to increasing crop
yields (Gahukar & Ba, 2019; Sow et al., 2018). Moths
emerge from the soil one to two months after the beginning
of the rainy season. After mating, females lay eggs in the
millet panicle on the silk of the flower involucre or under
stamens, but also on the floral peduncles or on the spine
(Nwanze & Harris, 1992). Newborn and young larvae (1-
7 days old larvae) perforate glumes and consume flowers,
while the older ones (8-18 days old larvae) cut off the floral
peduncles (Gahukar, 1984; Vercambre, 1978), thus prevent-
ing grain formation. Outbreaks of MHM are observed
almost every year, especially on early planted or early
maturing millet, and yield losses up to 85% (Gahukar & Ba,
2019). In the absence of any insecticide application by farm-
ers, millet production relies on pest regulation by natural
enemies (Bhatnagar, 1987; Payne et al., 2011; Sow et al.,
2019, 2020a).

A previous study conducted in the northern part of the
Peanut basin (Bambey) showed that the abundance of trees,
mainly acacia trees, dominated by Faidherbia albida
(Delile) (Fabales, Fabaceae), fostered the biological control
of the MHM (Soti et al., 2019). Such ecological relation-
ships have not been investigated to date in the southern part
of the Peanut basin (Nioro) where the composition and rela-
tive abundance of semi-natural habitats greatly differ from
that of the northern part due to different soil and rainfall con-
ditions. In the southern part of the Peanut basin, semi-natural
vegetation is dominated by shrubs and herbaceous vegeta-
tion that form rangelands (transhumance corridors for cat-
tle), and other tree species such as Cordyla pinnata (Lepr.
ex A. Rich.) Milne-Redh. and Parkia biglobosa (Jacq.)
Benth. (Fabales, Fabaceae) (Diatta et al., 1998). In addition
to the previous study by Soti et al. (2019), we here addressed
the effect of semi-natural vegetation on crop colonization by
MHM moths and we described the parasitoid community
associated to MHM eggs and larvae. We hypothesized that
(i) the abundance and diversity of semi-natural habitats at
the landscape scale decrease crop colonization by the pest
and increase its regulation by natural enemies (processes
here expressed by parasitism rates and overall biological
control on early and late stages of the MHM), and that (ii)
pest regulation by natural enemies contributes to the reduc-
tion of pest incidence in millet crops. Results are discussed
in the light of those obtained by Soti et al. (2019) on the
effect of trees on natural regulation of the MHM in a differ-
ent landscape context in the Senegalese Peanut basin.
Materials and methods

Study area and design

A field survey was conducted in the southern part of the
Senegal “Peanut basin” (Fig. 1A), around Nioro du Rip (13°



Fig. 1. (A) Map of the 24 millet sampling plots in the study area (Nioro du Rip, Senegal). Infrared colored Pl�eiades image from 2013, January
16th, �CNES 2013, distribution Airbus DS/ Pl�eiades Image/ISIS programme. Rangelands are grazing corridors for cattle that consist of her-
baceous plants and shrubs. (B) Mean, minimum, and maximum of the number of tree patches, rangeland area, and landscape diversity
(SHDI) around millet fields at four spatial scales (from 250 to 1000 m-radius).
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45020.39"N; 15°47012.29"O). This area is under the influ-
ence of a Sudano-Sahelian climate with more rain and
greater soil fertility than in the northern part (700-800 vs.
400-500 mm) where the reference study (Soti et al., 2018,
2019) was conducted. The landscape is composed of field
crops (pearl millet, peanuts, cowpea, and maize) with trees
mainly including C. pinnata and P. biglobosa (Diatta et al.,
1998). Rangelands are composed of a diversity of bushes
and shrubs (mainly Combretaceae including Combretum
spp. and Guiera senegalensis J.F. Gmel., and Fabaceae
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including Piliostigma reticulatum (D.C.) (Hochst.). A set of
24 focal millet fields were selected within an area of about
20£20 km and monitored during the 2015 and 2016 crop-
ping seasons (Fig. 1A). Focal fields were selected along a
gradient of abundance of semi-natural habitats (rangeland
area and number of tree patches) in their surrounding land-
scape (1-km radius) (Fig. 1B). Fields were selected at least
2 km from each other to avoid spatial dependence of obser-
vation units.
Landscape metrics

A Pleiades satellite image was acquired on January 16th,
2013, with a ground resolution of 0.5 £ 0.5 m in the pan-
chromatic mode, and 2 £ 2 m in the multispectral mode,
with blue (B), green (G), red (R) and near-infrared (NIR)
bands. In March 2013, a land-cover field survey was con-
ducted in the study area to identify main vegetation types.
The ‘multi-resolution segmentation’ algorithm in the ENVI
Feature Extraction Module 5.1 was used to obtain meaning-
ful landscape objects from the image. With a sample of 835
ground truth sites (out of the 1462 visited ones) as training
data, the large image-object scale was classified into five
land cover classes including rangelands, trees, crops, water
bodies, built up areas, and roads. The classification accuracy
was evaluated using ground truth data (732) that were not
used in the classification process. The land-cover map vali-
dation showed a good match between the predicted and
observed classes with a global accuracy rate of 80.7% of
ground truth pixels correctly classified. Then, from the land
cover map, three landscape variables were calculated at four
different spatial scales (from 250 to 1000 m-radius) around
the set of 24 focal millet fields, using the Fragstat software
(McGarigal, Cushman, Neel, & Ene, 1995): (i) number of
tree patches, (ii) area covered by rangelands, and (iii) Shan-
non diversity index (H’) of vegetation classes including
crops, trees, and rangelands (Fig. 1B).
Crop colonization and pest incidence

Crop colonization was monitored by counting the number
of eggs and neonates at the early flowering stage on 50 mil-
let panicles from 50 plants in each focal field. MHM inci-
dence was monitored by counting the number of larvae at
the grain filling stage on 50 millet panicles from 50 plants.
Millet plants were randomly selected along 4�5 parallel
S�N transects covering the entire field. Sampling began a
short distance inside the field to avoid border effects. Egg
counting, as an indicator of crop colonization by the pest,
was performed by a careful inspection of both sides of
panicles (from panicle emergence to female flowering) with
forceps to look for eggs on floral pedicels or glumes,
whereas panicles were entirely inspected for larvae count-
ing.
Parasitism rates and diversity of parasitoids

MHM eggs and larvae were sampled in the 24 millet
fields at panicle emergence and grain filling, respectively,
and reared in the laboratory for diagnosis of parasitism
(Sow et al., 2018). A total of 2326 eggs (23�130 per
millet field) were collected in millet fields, sorted in
small pillboxes (10�25 eggs per box), and incubated at
room temperature up to larval hatching or emergence of
parasitoids. A total of 3945 larvae (104�188 per millet
field) were randomly collected from millet panicles and
individually incubated at room temperature in 12-well
culture plates (Fisher Scientific, France) filled with artifi-
cial diet (Southland Products, USA), up to pupation or
the emergence of parasitoids (Sow et al., 2019). Parasit-
ism rates were calculated as the ratio of the number of
parasitized eggs or larvae to the number of hatched eggs
or live larvae (see Sow et al., 2019). The Shannon diver-
sity index (H’) was used to assess the diversity of para-
sitoid species (Shannon, 1948). All parasitoid species
were identified by specialists (see Acknowledgments)
and by using taxonomic keys (Delvare & Aberlenc,
1989; Huddleston & Walker, 1988) or by comparing
them with reference collections held at the British
Museum (London, UK) or at the Centre de Biologie
pour la Gestion des Populations (CBGP, Montpellier,
France).
Biocontrol services index (BSI)

In each millet field, biological control of the MHM
populations was evaluated by experimentally excluding
natural enemies from naturally infested millet panicles,
according to Soti et al. (2019). Natural enemies including
arthropod predators and parasitoids, but also insectivo-
rous birds, were excluded from panicles with mesh bags
(15£70 cm) from 0 to 9 days (no access to eggs and
young larvae, BSI 0�9) or from 9 to 18 days (no access
to L3�L4 larvae, BSI 9�18) after panicle flowering.
Open naturally-infested panicles were concurrently moni-
tored as a control. Five replicates of each panicle type
were set up in each millet field. The number of MHM
larvae on each panicle was counted at 18 days after pani-
cle flowering. A Biocontrol Services Index (BSI) adapted
from Gardiner et al. (2009) was then calculated for each
of the three treatments and for each millet field, by using
the following formula:

BSI ¼
Pn

n¼1
M0p�T1p

M0p

n
x100

where M0 is the number of larvae collected on protected
panicles, T1 is the number of larvae collected on open
panicles, p is the batch number, and n is the number of repli-
cates for a given millet field. The resulting BSI varied from
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0 to 100%, with values increasing as the level of biological
control increases.
Statistical analyses

Statistical analyses were performed in two steps: (1) pre-
selection of landscape variables at the best fitting spatial
scale and (2) assessment of the direct and indirect effects of
landscape features on MHM crop colonization, pest inci-
dence, and natural regulation. All statistical analyses were
conducted using the R program (version 3.6.1) software
(RStudio, 2012).

Landscape variables used in pre-selection and PLS-PM
models were previously tested for collinearity using the
pair-wise Pearson correlation matrix and the Variance Infla-
tion Factor (VIF) at each buffer size (Smith et al., 2009) (see
Appendix A: Fig. A1 and Table A1). Only predictors with
non-significant inter-correlations (VIF �2) were selected
(see Appendix A: Table A1). To preselect landscape varia-
bles, a multi-model inference approach (Burnham & Ander-
son, 2002) was used to examine the relative importance of
landscape predictors at each spatial scale on crop coloniza-
tion (eggs and first-instar larvae), pest incidence (3-4-instar
larvae), and components of natural regulation (BSIs, parasit-
ism rate, and parasitoid diversity) in millet fields. This
approach consists in fitting all possible linear combinations
of the predictors and ranking the models according to fit bal-
anced by a penalty for increasing numbers of parameters
(Rusch et al., 2011). For a data set with k explanatory varia-
bles, there were 2k combinations among variables (here, 8 to
16 models resulting from 23 to 24 combinations). We used
this approach for each data set at the four spatial scales. Can-
didate models were ranked using the second-order Akaike
information criterion (AICc) which is a biased-corrected ver-
sion of the AIC recommended in analyses where the sample
size is small relative to the number of fitted parameters
(Burnham & Anderson, 2004). To find out which spatial
scale was most important, we considered all 2k combinations
for each spatial scale in the same dataset and recalculated the
normalized Akaike weights on this new dataset for each
model (i.e., considering the AICc min among the dataset
including all combinations of predictors at each spatial
scale) (see Appendix A: Fig. A2). The relative importance
of an explanatory variable at a given spatial scale was com-
puted as the sum of the Akaike weights across all the models
in the set where this variable occurred (Burnham & Ander-
son, 2002). The final model was obtained by combining pre-
dictors at the most relevant spatial scale in a generalized
linear model (GLM). In each final model, year was consid-
ered as a fixed effect when the effect of year was significant.
Models were fitted using the appropriate distribution type
and link function: binomial for proportions (logit) and Pois-
son for count data (log). The “MuMIn”, “nlme”, and “Mass”
R packages were used.
To examine complex cause-effect relationships between
landscape features, crop colonization or natural regulation,
and pest incidence, we used partial least squares structural
equation patch modelling (PLS-PM). This approach enables
to explore and predict the functioning of complex systems
including correlated variables and does not have strict
requirements regarding data distribution and sample size
(Puech et al., 2014; Tenenhaus et al., 2005). PLS-PM is a
blend of two models: a measurement model and a structural
model (Durand-Bessart et al., 2020). The measurement
model defines the relationships between observed variables
and latent variables inside blocks, with each block being rep-
resented by a latent variable and built with observed varia-
bles (Fig. 2A). The structural model investigates
relationships between latent variables using a linear regres-
sion approach. A conceptual model (Fig. 2A) was first con-
structed following ecologically-based relationships. The
latent variable “natural regulation” was built from “the natu-
ral regulation on eggs and newborn larvae; BSI 0�9”, “and
the late instar larvae; BSI 9�18”, “egg parasitism”, and “lar-
val parasitism”, whereas “crop colonization” and “pest inci-
dence” were built from “egg-infested” and “larvae-infested”
panicles, respectively. Analyses were conducted using the
“plspm” R package (Sanchez, 2013) for model building.
Before obtaining the final models, we made a set of verifica-
tions and transformations (see Appendix B: Table B1) as
recommended by Sanchez (2013).
Results

Crop colonization and pest incidence

The percentage of egg-infested panicles at the early flow-
ering stage of millet was much lower in 2015 (26.3%) than
in 2016 (74.2%) (t = -10.27, df = 20.6, P< 0.001) (Table 1).
The percentage of larvae-infested panicles at the grain-filling
stage was high but variable among millet fields (50.0 �
90.0%), but comparable among surveys (t = �1.70, df =
12.17, P = 0.11) (Table 1).

The multi-model inference showed that the abundance of
trees, but also the rangeland area in the landscape at a 1000
m-radius buffer, were the most important predictors of crop
colonization (Table 2; Appendix A: Fig. A2 and Table A1).
The best fit structural equation model confirmed that the per-
centage of egg-infested panicles significantly increased with
the abundance of trees and rangeland area at a 1000 m-
radius (Fig. 2B; see Appendix B: Table B2). No significant
relationship between crop colonization and pest incidence
was observed.
Natural regulation

Natural regulation of the MHM evaluated through the
exclusion of natural enemies from naturally infested panicles



Fig. 2. (A) Conceptual model following ecologically-based hypotheses: abundance and diversity of semi-natural habitats at the landscape
scale decrease crop colonization (a), increase pest regulation by natural enemies (b), thus contributing to the reduction of crop colonization
and pest incidence in millet crops (c, d), and the direct effect of crop colonization to pest incidence (e). Year factor was included as explana-
tory variable in the model (f � h). (B) Structural equation model (SEM). Single-headed arrows represent causal relationships. Black lines
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Table 1. Mean, minimum and maximum values of variables depicting crop colonization, natural regulation, and incidence of the millet head
miner (MHM) in the 2015 and 2016 field surveys. BSI 0-9: Biocontrol Services Index at the early stages. BSI 9-18: Biocontrol services Index
calculated at the late stages.

2015 2016
Variables Mean (min�max) Mean (min�max) P

Crop colonization Egg-infested panicles at the early flowering stage (%) 26.3 (14�40) 74.2 (46�92) < 0.001

Natural
regulation

BSI 0�9 (%) 48.3 (30�60) 42.5 (20�70) 0.358
BSI 9�18 (%) 73.3 (5�100) 66.3 (20�70) 0.470
Egg parasitism (%) 22.6 (10�42) 11.0 (1�27) 0.014
Larval parasitism (%) 47.0 (36�65) 54.3 (22�76) 0.243
Diversity of larval parasitoids (H’) 1.2 (0.9�1.2) 0.9 (0.6�1.1) < 0.01

Pest incidence Larvae-infested panicles at the grain-filling stage (%) 70.0 (50�82) 78.0 (60�90) 0.114

Student t-tests (P < 0.05).
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(BSI) was highly variable among millet fields (5 � 100%).
The natural regulation on eggs and early-instar larvae did
not differ between years, with 48.3% in 2015 and 42.5% in
2016 (t = -0.66, df = 9.82, P = 0.52). The natural regulation
on late-instar larvae did not differ between years, with
73.3% in 2015 and 66.3% in 2016 (t = -0.71, df = 11.14,
P = 0.49) (Table 1). Natural regulation of the MHM was
lower on eggs and young larvae (BSI 0-9) than on L3 � L4
larvae (BSI 9-18) (t = -3. 75, df = 32.8, P < 0.01) (Fig. 3A).

Egg parasitism was greater in 2015 than in 2016 (t = 2.99,
df = 9.73, P = 0.02) and ranged from 1.0 up to 42.0%
among millet fields (Table 1). Parasitoids that emerged from
eggs were identified as Trichogrammatoidea armigera
represent significant positive relationships and grey lines represent signifi
bootstrapped standardized path coefficients. Numbers in brackets represen
from “egg-infested panicles” and “larvae-infested panicles” variables, re
“egg” and “larval parasitism”, “BSI 0-9” and “BSI 9-18”.

Table 2. Relative importance of landscape variables at the most rele
regulation.

Variables Landscape variables

Crop colonization
Egg-infested panicles (%) (Intercept)
at 1000-m radius Year

Tree abundance
Rangeland area

Natural regulation
Egg parasitism (%) (Intercept)
at 250-m radius Year

Tree abundance
Rangeland area

BSI 0-9 (%) (Intercept)
at 250-m radius Tree abundance

Rangeland area

Estimate values indicate the sign of the slope. Est.: estimate; SE: standard error; z
Significant codes: .: P = 0.05, *: P < 0.05, **: P < 0.01, ***: P < 0.001.
(Manjunath, 1972). Larval parasitism was high and variable
among millet fields (22.0 �76.0%) but comparable between
years (t = -1.70, df = 12.17, P = 0.24) (Table 1). Seven para-
sitoid species belonging to four families (Encyrthidae, Bra-
conidae, Ichneumonidae, Tachinidae) and one unidentified
nematode species were observed (Fig. 3B). Copidosoma
primulum Mecet (Encyrthidae) and Schoelandella sahelen-
sis Huddleston & Walker (Braconidae) were dominant with
34.3 and 51.5% of parasitized larvae, respectively (Fig. 3B).
The prevalence of the four other species was relatively low
(14.2%). The diversity (Shannon index H’) of parasitoid
species was greater in 2015 than in 2016 (t = 4.09, df =
17.25, P < 0.01) (Table 1).
cant negative relationships (P < 0.05). Numbers along arrows are
t the size of buffers. Crop colonization and pest incidence are built
spectively. The latent variable “natural regulation” brings together

vant spatial scale explaining crop colonization and natural pest

Est. SE z/t val. RI

4e+00 3e-01 11.92
1e+00 8e-02 12.67 1.0**
1e-04 4e-05 3.45 0.97**
3e-07 1e-07 3.21 0.96**

2e+01 3e+00 7.7
5e-02 2e-02 2.7 1.0*
5e-02 2e-02 2.7 0.87*
2e+01 3e+00 7.7

3e+01 1e+01 2.1
2e-01 6e-02 2.5 0.87�
5e-04 2e-04 2.0 0.62�

/t val.: z or t value; RI: relative importance value (sum of Akaike weights).



Fig. 3. (A) Boxplots of biocontrol services index (%) of eggs and early-instar larvae (0-9 days panicle post-flowering) and late-instar larvae
(9-18 days panicle post-flowering), calculated from natural enemy-exclusion experiments in the 2015 and 2016 field surveys. The statistical
difference between BSIs was assessed using a Student t-test. (B) Prevalence of seven parasitoid species emerged from the 3945 larvae col-
lected from 24 millet fields.
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The abundance of trees and rangeland area at a 250-m
radius around millet fields were significant predictors of
egg-natural regulation as evidenced by egg parasitism and
BSI 0�9, but no effect of landscape composition and diver-
sity on the percentage of larval parasitism, the diversity of
parasitoids, and the BSI 9�18 was observed (Table 2; see
Appendix A: Fig. A2 and Table A1). The best fit structural
equation model confirmed that natural regulation on eggs
and young larvae (BSI 0�9) significantly increased with the
abundance of trees and rangeland area (Fig. 2B; see Appen-
dix B: Table B2). In addition, natural regulation negatively
affected crop colonization in millet fields (Fig. 2B; see
Appendix B: Table B2), but no significant relationship
between natural regulation and pest incidence was observed.
Discussion

Outbreaks of insect pests in agricultural systems associ-
ated with non-crop habitats are often mitigated by the posi-
tive impact of natural enemies (Rusch et al., 2010;
Tscharntke et al., 2016; Veres et al., 2013). Non-crop habi-
tats, depending on their composition, can enhance the abun-
dance and diversity of natural enemies, but also at the same
time provide resources to pests, thereby reducing the effect
of natural regulation on pest incidence and resulting yield
losses (Duarte et al., 2018; Santoiemma et al., 2018).
Effect of semi-natural habitats on crop colonization
by the MHM

Abundance of trees and rangeland area in the agricultural
landscape at a 1000 m-radius buffer around millet fields
significantly increased the proportion of egg-infested millet
panicles. Trees and rangelands in the agricultural landscape
probably act as refuges for moths during the day. The scale
(1000 m) possibly reflects the dispersal range of moths and
their ability to forage within a large area. Tree abundance
(here the number of tree patches) had a greater contribution
than the rangeland area to the proportion of egg-infested
panicles. It is possible that tree trunks are better refuges than
shrubs for moths, with the ability to avoid light and preda-
tors when hidden in cavities or under bark and more suitable
microclimate. The significant difference in egg-infested
panicles between 2015 and 2016 was probably due to an ear-
lier passage during egg counting on millet panicles in 2015
and a staggering of heading that allowed egg-laying after-
ward, as no difference between years was observed for lar-
vae-infested panicles at the grain-filling stage.
Effect of semi-natural habitats on natural
regulation

In a previous study in the northern part of the Peanut basin
in Senegal, Soti et al. (2019) showed that natural pest regula-
tion increased with the abundance of trees and vegetation
diversity (including crops) in a 1750 m-buffer around millet
fields. Here, we also showed that the abundance of trees in
the agricultural landscape significantly increased regulation
of the MHM (evidenced on egg parasitism and BSI 0-9
days), but at a local scale of 250 m-radius around millet
fields. This is probably due to the life system of natural ene-
mies, particularly egg parasitoids and generalist predators,
whose broad host range can limit their area of action. Gener-
alists would tend to exploit available resources in at a lower
spatial scale than specialists do (Symondson et al., 2002).
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Here, the only observed egg parasitoid, T. armigera, has
probably a low dispersal ability as shown for other Trichog-
ramma species (Gardner et al., 2012; Karimoune et al.,
2018). In the present study, habitat fragmentation resulting
from the lower density of trees in the southern part of the
Peanut basin compared to the northern one (Soti et al.,
2019) could also explain the local effect of natural regula-
tion. The positive effect of trees on egg parasitism was not
true for larval parasitism. This might be explained by a
wider dispersal ability of the main parasitoids, Copidosoma
primulum Mecet. and Schoelandella sahelensis Huddleston
& Walker, contributing to 86% of larval parasitism. In addi-
tion, these two specialist species have a life cycle synchro-
nized with that of the MHM, with diapause throughout the
dry season. It is thus possible that they do not depend on
alternative resources provided by semi-natural habitats.
Effect of natural regulation on pest incidence

Natural regulation was variable between millet fields and
year (egg parasitism), but comparable to that observed in the
Bambey area (Soti et al., 2019). The low rate of egg parasit-
ism (16.8%) compared to the BSI calculated on eggs and
young larvae (45.4%), suggests a major contribution of
arthropod predators of early stages of the MHM. Natural
regulation was greater for late-instar larvae (BSI 9-18) than
for eggs and young larvae (BSI 0-9), possibly due to the
important contribution of the two specialist parasitoids C.
primulum and S. sahelensis (Sow et al., 2019), but also ver-
tebrates such as birds (Sow et al., 2020a). The present study
did not assess the effect of moth predation by generalist ver-
tebrate predators such as birds and bats on crop colonization
by the MHM as done by Sow et al. (2020b).
Conclusions

In the present study, early panicle infestation by the
MHM increased with the abundance of trees and to a lesser
extent the rangeland area at a 1000 m-radius around millet
fields. However, natural regulation provided by natural ene-
mies was also amplified by the abundance of trees, but at a
local scale (250 m-radius around millet fields). This was par-
ticularly true for the natural regulation of early (vs. late)
stages of the MHM. This multi-scale effect of semi-natural
habitats on crop colonization and natural regulation could
explain why no clear relationship between crop colonization
and pest incidence, nor natural regulation and pest inci-
dence, was observed. From an applied perspective, the pres-
ent study shows that conserving trees in the form of tree-
crop agroforestry systems should enhance ecosystem serv-
ices such as natural pest regulation, thereby reducing millet
yield losses due to the MHM. However, further research
efforts on species-specific interactions between semi-natural
vegetation and natural enemies are needed to provide a
better understanding of the ecological processes underlying
the natural regulation of MHM populations, with the aim to
identify beneficial tree species. Overall, our study supports a
better consideration of the value of maintaining and restor-
ing semi-natural habitats in the agricultural landscapes of
semi-arid areas of West Africa to cope with climate change
and food security challenges.
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